We fabricated two dimensional photonic crystal structures in zinc oxide films with focused ion beam etching. Lasing is realized in the near ultraviolet frequency at room temperature under optical pumping. From the measurement of lasing frequency and spatial profile of the lasing modes, as well as the photonic band structure calculation, we conclude that lasing occurs in either localized or extended defect modes near the dielectric edge of photonic band gap. These defect modes originate from the structure disorder unintentionally introduced during the fabrication process. Fine tuning of lasing wavelength across 20nm range has been realized by varying the lattice constant of PhCS structure. A qualitative explanation for these PhCS lasers with self optimization of laser cavity quality factor has been proposed.
INTRODUCTION
A photonic crystal slab (PhCS) is a dielectric layer with in-plane two-dimensional (2D) photonic crystals structures. Such device has attracted much attention because of their potential applications to various optoelectronic devices and circuits.
1 Defect cavities in these photonic devices can have high quality factor and small modal volume. [2] [3] [4] [5] [6] The in-plane light confinement is achieved for frequency within photonic band gap formed by Bragg interference, while the index guiding prevents light leakage in the perpendicular direction. So far many Lowthreshold lasing has been realized in PhCS made of III-V semiconductors. [7] [8] [9] [10] They operate in the near infrared or infrared communication frequencies. PhCS lasers with emission at ultra-violet (UV) region are much more challenging because: first, the smaller feature size for a in plane UV stop band, second, the difficulty in wide band gap materials (e.g., GaN, ZnO) etching. On the other hand, the demand for blue and UV compact light sources has prompted enormous research effort into wide band gap semiconductors. 11 Recently we reported the first realization of UV photonic crystal laser that operates at room temperature. 12 Compared with other wide band gap materials, ZnO has the advantage of large exciton binding energy (∼ 60 meV), that allows efficient excitonic emission even at room temperature.
The commonly fabricated PhCS of III-V semiconductors are mostly a bridged membrane structure, whose substrate is selectively etched away so both above and under the photonic layer are air. Though such structure can achieve wider in plane photonic band gap and better light confinement in the vertical direction, it is usually mechanically fragile and poorly heat dissipated. Also it is difficult to make a large area fabrication and can not be applied to on chip fabrication easily. In our case, ZnO photonic layer is fabricated on lattice matched sapphire substrate. Such structure is much more solid and easier for on chip applications with large scales. On the other hand, due to the less refractive index contrast between the photonic layer and substrate, the light confinement in the vertical direction is worse than that in III-V semiconductors, and the in plane photonic band gap is also narrower. In this case, the defects introduced during fabrication are supposed to be more detrimental to PhCS lasers. However, we still successfully achieved lasing in such ZnO PhCS at room temperature. A self-optimization theory is given to qualitatively explain this experimental phenomenon. The structure of this paper is as following: in section I, we design a ZnO PhCS structure with in plane photonic band using a plane wave expansion method, and the structure parameters for maximum gap width are presented at the end. In section II, we describe the experimental details for sample fabrication and optical measurement, and experimental results for lasing are presented as well. In section III, we discuss the experimental data with a qualitatively explanation of self optimization process in our PhCS laser, and finally make a conclusion.
THEORY
To design the optimum PhCS structure in our ZnO film on sapphire substrate, a simulation has been done with a plane-wave expansion method. 13 Our ZnO PhCS is vertically asymmetric: with air on top and sapphire substrate at bottom. To apply the plane-wave expansion method for photonic band calculation, we considered a super unit cell that consists of air, ZnO photonic crystal slab, sapphire substrate, ZnO photonic crystal slab and air (see the inset of Fig. 1 ). Detailed simulation results can be found in another reference. 15 The guided modes confined to the PhCS should lie inside the ZnO/substrate light cone and the air/ZnO light cone. Due to a particular arrangement of the layers in our supercell, there exists an artificial reflection symmetry with plane Σ sc . Therefore, there is an artificial classification of the modes into symmetric and antisymmetric, as it is schematically shown in inset of Fig. 1 . This property provides a way to control the precision of the band structure calculation. Indeed, only for the PhCS-guided modes (with eigenfrequencies outside of the air and substrate light cone), and only when the substrate is thick enough, the guided modes in the two ZnO layers are decoupled, and the symmetric and antisymmetric modes should be degenerate in eigenfrequency. This artificial degeneracy is used as the check of consistency in our band structure calculations. In Fig. 1 we show an example of the calculated photonic band structure. Air light-cone boundary, ω = ck // , and substrate light-cone boundary, ω = (c/n s )k // are shown with dashdot and dashed lines, respectively. The presence of a sapphire cone makes guiding at the Γ point impossible and limits any band gap to a/λ < 0.325. For PhCS laser operation we need to overlap a photonic band gap with a gain spectrum of ZnO, 380nm < λ < 400nm. Consequently, the lattice constant in the hexagonal air-hole pattern of PhCS has an upper bound of a < 130nm. In a symmetric PhCS (i.e. the substrate is replaced by air), the modes can be grouped into two classes: modes that have z-component of the magnetic field or electric field symmetric with respect to the center plane of the photonic layer. Low lying modes of the first/second class are mainly transverse electric/magnetic (TE/TM) polarized. This separability was crucial for obtaining a sizable PBG in a photonic membrane and complete stop bands for the guided modes of each class can exist independently.
16
The presence of the sapphire substrate in our ZnO PhCS removes the symmetry, 17 and there are mixes up of polarizations for its eigenmodes. we calculated the field components of the first five bands with and without the sapphire substrate and found close resemblance in the spatial profiles of the corresponding modes in the two cases. This is due to strong vertical confinement of the guided modes. Therefore, the modes in the ZnO PhCS with the sapphire substrate can still be classified as predominantly either TE-like or TM-like. Careful calculation of all the electric and magnetic field components shows that the first and fourth modes are TE-like dominant, while the second and third modes are TM-like dominant for the band structures shown in Fig 1. So there is a photonic band gap for TE-like guided modes in this ZnO PhCS as shown between the two dotted lines. The abandon of TM-like modes are justified by the experimental facts that the polarization of ZnO exciton emission is mostly perpendicular to the c-axis.
18, 19
Since the c-axis of our ZnO film is normal to the film/substrate interface, the emitted photons are coupled mainly into TE-like modes, as we confirmed experimentally from the measurement of polarization of photoluminescence from the side of an unpatterned ZnO film. We intend to optimize the relative width (normalized to the center frequency) of photonic band gap in our ZnO PhCS structure by varying two parameters independently: (i) air hole radius r, (ii) photonic layer thickness t ph . Due to linear nature of Maxwell equations, we normalize all parameters to the value of lattice constant, a. From the experimental prospective it is difficult to reproduce extremely small structural features, therefore we prefer to have PBG at high values of a/λ if possible. Fig. 2 shows the results of our simulation. In panel (a) we plot the position and relative width of the PhCS as we vary r/a within the range of 0.18-0.30, and keep t ph /a = 1.4. One can clearly see that there exists a PBG maximum at r/a ≈ 0, 24. This effect has a clear physical interpretation: at large filling fractions (small r/a) the index contrast within the PhCS is small, therefore band splitting, as well as PBG, is small. At small filling fractions, the waveguiding becomes poor, furthermore the decrease of the effective refractive index of the photonic layer leads to a shift of the PBG as a whole to higher frequency. In panel (b) we plot the position and relative width of the PhCS as we vary t ph /a from 1.3 to 1.8, while keeping r/a = 0.25. It can be seen that the gap can be maximized at t ph /a ≈ 1.45. this can also be understood physically: at small t ph /a, the photonic layer is so thin that the waveguiding is poor, and at large t ph /a, the number of guided modes increase too much to permit a photonic gap in this PhCS. In conclusion, the maximum gap width 0.04 can be achieved at t ph /a ≈ 1.45 and r/a ≈ 0, 24, and the center frequency is at a/λ ≈ 0.315. Applying these parameters to our ZnO PhCS experimental realization and taking λ = 390nm, we get a = 123nm, r = 30nm and t ph = 178nm for maximum photonic gap width.
EXPERIMENT
Experimentally the 2D triangular lattice photonic crystal structure is fabricated in ZnO films. First, 200 nm thick ZnO films are grown on c-plane sapphire substrates by plasma enhanced MOCVD at 750 o C. The selected area electron diffraction pattern of the film reveals that single crystalline ZnO is grown along the c-axis. Next, triangular latticed arrays of cylindrical air columns are etched in the films by focused Ga 3+ ion beam accelerated at 30 KeV and 30 pA current. FIB has been widely used for maskless and resistless nano-scale patterning, it allows us to precisely control the position, size and density of air cylinders in the ZnO films. Due to the small hole size (r ≈ 30nm) and the limitation of etching facilities, some deviation from perfect periodic structures are unavoidable. It can be seen in the SEM image of one of our typical PhCS sample shown in Fig. 3 . The air holes are not perfectly circular due to the facility resolution limit and drifting of sample during etching process. The side wall of air holes is very close to vertical with a little smaller radius at bottom, which is not shown here. The etched patterns are usually 8µm × 8µm, and the photonic layer is a little thinner than the film at unpatterned area due to the etching. The ZnO crystalline quality are seriously damaged by the bombardment of Ga ions during the FIB etching procedure, and the photoluminescence emission from the patterned area is much quenched compared to unpatterned area. To remove such damage, we annealed the patterned films in O 2 at 600 o C for one hour and found that the emission are partially recovered. To test the photonic band gap effect, we first fabricated PhCS patterns with different lattice constant a from 100nm to 160nm with a large step size of 15nm. The air hole radius r is scaled with a at a fix ratio of 0.25. From our simulation, we would expect that the patterns with a = 115nm and 130nm would lase at lower threshold comparing to others due to the photonic gap effect.
The samples are optically pumped by the third harmonics of a mode-locked Nd:YAG laser (355 nm, 10 Hz, 20 ps) at room temperature. We used the picosecond pump laser simply because of its availability. Since the pump pulse is much shorter than the lifetime of exciton in ZnO, the peak power required to reach the lasing threshold would be much higher than that with nanosecond pump pulses. A 10× microscope objective lens (N.A.=0.25) is used to focus the pump beam, and the pump spot size can be varied by changing the distance between the pump lens and sample surface. In a typical experiment, a 6µm diameter pumping spot is used. Since the sapphire substrate is double-side polished and transparent in both visible and UV frequencies, a 20× microscope objective lens (N.A.=0.40) is placed at the back side of the sample for both collection of emitted light and simultaneous measurement of the spatial distribution of lasing mode. Then the emitted light is coupled into a UV fiber, which is connected to a spectrometer with 0.13 nm spectral resolution. The pump light is blocked by a bandpass filter, while the image of lasing mode profile is projected by the objective lens onto a UV sensitive CCD camera. The sample is also illuminated by a white light source so that we can identify the position of the lasing modes in the photonic lattice. Among all fabricated patterns with lattice constant a varying from 100nm to 160 nm, lasing is realized only in the structures of a = 115nm and a = 130nm. Fig. 4(a) shows the spectrum of emission from a pattern of a =115 nm and r/a = 0.25. It has a single sharp peak at 387.7 nm. Fig. 4(b) plots the emission intensity integrated over this peak as a function of the incident pump pulse energy. Note that not all the pump light incident onto the sample is absorbed, part of it is transmitted, reflected or scattered. It is difficult to measure the exact percentage of the incident pump being absorbed. Nevertheless, the threshold behavior is clearly seen in Fig. 4(b) . Above the threshold, the spectral width of this lasing peak is only 0.24 nm. These data indicate that lasing oscillation occurs in this structure. The near-field image of this lasing mode is obtained simultaneously and shown in the inset of Fig. 4(a) . The white square marks the boundary of the triangular lattice. The lasing mode is spatially localized in a small region of ∼1.0 µm 2 inside the lattice. As we move the pump spot across the lattice, the lasing modes change in both frequency and spatial pattern. This behavior suggests that this lasing mode is spatially localized defect state. It is formed by the short range structural disorder 14 which are introduced unintentionally during fabrication. Lasing is also observed at longer wavelength for the pattern with a=130 nm and r/a = 0.25 with higher lasing threshold. To carefully study the lasing modes from ZnO PhCS, we fabricated patterns of different lattice constant a from 110nm to 130nm with finer steps with r/a = 0.25. All the patterns are 8µm × 8µm and without intentionally introduced structure defect, the ensemble averaged lasing threshold exhibit a pronounce minimum at a = 115 − 130nm as shown in Fig. 5(a) . While the lasing wavelength for different pattern is plotted in Fig.  5(b) . One can see that the lasing wavelength is almost linearly scaled with lattice constant a, which is also a direct proof that the lasing modes are related to the in plane photonic band gaps. The two dash lines describe the edge of gain spectrum of ZnO, thus the dip in the measured threshold in Fig. 5(a) is attributed to spectral overlap of the lasing frequencies with ZnO gain spectrum. We also take the near field images of the lasing modes in all the patterns. Interestingly, some of the modes are spatially localized, while some are spatially extended. Fig. 6 shows one typical lasing mode with extended spatial profile. The fact that we can get both localized and extended modes make us believe that all the modes are defect modes from the photonic structures. Because the band gap is very narrow, the unavoidable defects introduced during fabrication make such gap shallower and even narrower. For some pattern, some extended mode close to dielectric band edge of the gap has highest quality factor and lases first, while for other pattern, some localized mode close to the center of the gap has highest quality factor and lases first. Which kind of modes has higher quality factor really depends on the particular // . Low lasing threshold demands maximization of Q tot , which is hindered by Q ⊥ for a localized defect state and Q // for a extended bandedge state. To improve Q tot , many works have been done to increase Q ⊥ for a localized defect cavity state.
We realize that in the case of either intentionally introduced localized defect state or extended bandedge in a perfect periodic structure without defects, one of the Q component is much larger than the other, and the Q tot is determined mainly by the smaller one. when certain degree of defects are introduced into the PhCS structure, we find that the two Q components are balanced to certain extent, which will increase Q tot . 20 In particular, for a localized defect state, introducing defects around the original defect cavity will reduce Q // , thus the spatial extent in plane is increased, in return, the leakage in vertical direction is reduced since the k // distribution is decreased. Because in this case Q −1
// and Q tot is dominated by Q ⊥ , when we increase Q ⊥ , Q tot is increased though Q // is reduced. Similar principle can be applied to extended bandedge state. By introducing certain defect, the mode spatial extent can be reduced and thus Q // is increased, while Q ⊥ is reduced, but Q tot is increased over all. In our ZnO PhCS, due to the small feature size of periodic structure in plane, certain structure defects are unavoidable during FIB fabrication, e.g., the deviation of shape of air cylinder from perfect circle, the shape and average radius difference for different air cylinders, the deviation of air cylinder center position from perfect triangular lattice. These defects can help to balance different Q component and optimize Q tot . It explains the surprising experimental result that even with such narrow in plane photonic band gap and certain structure defects presented, lasing can still achieved from this ZnO PhCS samples. We would like to point out that all the defects are not intentionally introduced in our ZnO PhCS patterns, which really relieve the technical challenge of structure fine tuning in intentionally designed defect cavity fabrication. While this is an experimental advantage, fine control of the structure is lost and we have to live with the patterns we get. This means that the performance of our PhCS laser can be further improved by carefully pattern design and fabrication with higher precision. Another potential fact to hinder our ZnO PhCS laser performance is the optical quality damage by the FIB etching technique. Even we recovered the photoluminescence partially by post thermal annealing, a better etching technique without structure damage or better means to recover the crystalline quality wound lower the PhCS laser threshold even further.
In conclusion, we designed and fabricated ZnO PhCS structure with FIB etching technique, and lasing in UV region at room temperature has been achieved under optical pumping. By change the lattice constant, fine tuning of lasing wavelength has been realized for a 20nm range. Though certain structure defects are unavoidable from sample fabrication, such defects are thought to help to optimize the lasing performance. With better pattern design and fabrication precision, as well as material quality improvement, lower lasing threshold would be expected.
